Introduction
Recently, it has been suggested that analysis of recurrent non-fatal, along with fatal, events might be a better means of evaluating the true burden of heart failure (HF) as a disease and the effect of treatment, than the conventional time-to-first event analysis.
1 -7 Although most life-saving therapies also reduce the risk of admission to hospital with worsening HF, hospitalization remains a common problem, readmission is frequent and the total number of admissions during a patient's life accounts for the greatest proportion of the overall cost of the illness. Assessing the effect of treatment on the time-to-first admission does not, therefore, reflect its impact on the full burden of disease, especially as it is possible that the efficacy of treatment may decline over time or patients with repeat admissions might represent a subset of those resistant to therapy. Consequently, we have examined the effect of sacubitril/valsartan (previously described as LCZ696), an angiotensin receptor neprilysin inhibitor (ARNI), compared with enalapril, on repeat as well as first hospitalizations and the totality of events [i.e. HF admissions and cardiovascular (CV) deaths], a pre-specified exploratory analysis, in the Prospective comparison of ARNI with ACEI to Determine Impact on Global Mortality and morbidity in Heart Failure trial (PARADIGM-HF). 8, 9 In addition to this clinical question there is also a question about the choice of statistical method to evaluate the effect of treatment on recurrent events. 2 -7 Analysis of recurrent hospitalizations in an unbiased way is difficult because of the competing risk of death and potentially different follow-up times in the different treatment groups if one therapy is more effective than the other in reducing mortality. At present, there is no single method that has gained universal acceptance and for that reason we have compared a number of different analytical approaches that have been applied to this problem. We used these various methods to compare the effect of sacubitril/valsartan to enalapril on recurrent events in PARADIGM-HF.
Methods

Study design and patients
The PARADIGM-HF trial (ClinicalTrials.gov ID number: NCT01035255) has been described in detail previously and the results published. 8 -10 Patients had New York Heart Association (NYHA) class II-IV symptoms, an ejection fraction ≤40% (changed to ≤35% by amendment), and a plasma B-type natriuretic peptide (BNP) ≥150 pg/mL [or N-terminal pro-BNP (NT-proBNP) ≥600 pg/mL]. Patients who had been hospitalized for HF within 12 months were eligible with a lower natriuretic peptide concentration (BNP ≥100 pg/mL or NT-proBNP ≥400 pg/mL). Patients were required to be taking an angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB) in a dose equivalent to enalapril 10 mg daily for at least 4 weeks before screening, along with a stable dose of a beta-blocker (unless contraindicated or not tolerated) and a mineralocorticoid receptor antagonist (if indicated). The exclusion criteria included history of intolerance to ACE inhibitors or ARBs, symptomatic hypotension (or a systolic blood pressure < 100 mmHg at screening/<95 mmHg at randomization), an estimated glomerular filtration rate (eGFR) <30 mL/min/1.73 m 2 , a serum potassium concentration > 5.2 mmol/L at screening (>5.4 mmol/L at randomization),
and a history of angioedema. After a run-in period [during which patients had to tolerate enalapril 10 mg twice daily for 2 weeks (single-blind) and then sacubitril/valsartan (single-blind) for an additional 4 to 6 weeks, initially at 49/51 mg twice daily and then 97/103 mg twice daily], patients were randomized to either enalapril 10 mg twice daily or sacubitril/valsartan 97/103 mg twice daily.
PARADIGM-HF was conducted in accordance with the Declaration of Helsinki. The Ethics Committee of each of the 1043 participating institutions in 47 countries approved the protocol, and all patients gave written informed consent.
Outcomes
The primary outcome of PARADIGM-HF was a composite of death from CV causes or a first hospitalization for HF. HF hospitalizations were adjudicated by a clinical events committee according to standardized definitions. All deaths were also classified by the committee.
Statistical analyses
Recurrent events are commonly analysed using count data methods (e.g. negative binomial regressions), and using time to event data methods [e.g. Wei, Lin and Weissfeld (WLW), 11 and Lin, Wei, Ying and Yang (LWYY) 12 models], all of which are extensions of Cox proportional hazards regression. More recently the joint frailty model has been used to examine recurrent events with a competing terminal event. 4, 5 The methods used in the current analyses were pre-specified in the trial statistical analysis plan. 13 We calculated the HF hospitalization rate by treatment group by dividing the total number of HF hospitalizations by the total number of follow-up years in each group. The cumulative rates of HF hospitalizations over time by treatment group were plotted as cumulative incidence curves using the non-parametric Ghosh and Lin method, accounting for the competing risk of death. 14 The effect of sacubitril/valsartan compared to enalapril on all HF hospitalizations and on the composite of all HF hospitalizations and CV death was analysed using the LWYY, WLW, negative binomial and joint frailty methods. For the WLW method, we estimated time to the i-th HF hospitalization and time to the i-th HF hospitalization including CV death as an event for i = 1 to 6.
The effect of sacubitril/valsartan compared to enalapril was modelled adjusting for the randomization stratification variable of region. All analyses were repeated with adjustment for differences in baseline characteristics including age, sex, heart rate, eGFR, left ventricular ejection fraction, body mass index, NYHA class, duration of HF, history of HF hospitalization, hypertension, diabetes, atrial fibrillation, myocardial infarction, stroke, and log NT-proBNP.
A two-sided P-value of <0.05 was considered significant. The analyses were undertaken using R version 3.2.3, SAS version 9.4 (SAS Institute Inc., Cary, NC, USA), and Stata version 14 (Stata Corp., College Station, TX, USA).
Results
In the enalapril group (n = 4212), 658 patients (15.6%) had at least one hospitalization for HF; the respective number in the sacubitril/valsartan group (n = 4187) was 537 (12.8%) ( Table 1 ). In the enalapril group, 418 patients had one admission for HF, 143 had two admissions, and 97 had ≥3 admissions during the trial ( Table 1) . The corresponding numbers in the sacubitril/valsartan group were 367, 110, and 60. The total number of admissions for HF was 1079 in the enalapril group and 851 in the sacubitril/valsartan group. 
Baseline characteristics of hospitalized patients
The characteristics of patients who were not hospitalized during follow-up, those who were admitted once and those admitted two or more times are shown in Table 2 . Patients who were admitted were older, more likely to be male and from North America, to have more severe HF as assessed by length of diagnosis, health status (NYHA class and KCCQ score), renal function, natriuretic peptide levels, co-morbidity and diuretic and digoxin use. Patients admitted for worsening HF during follow-up were more likely to have been admitted previously (before enrolment in the trial). Of those not admitted during follow-up, 61% had a history of HF hospitalization; of those admitted once, 72% had a prior admission and of those admitted twice or more, 81% had a previous admission. Compared with patients admitted once, those admitted more than once were more often male (87% vs. 78%, P < 0.001), more often had diabetes (51% vs. 43%, P = 0.006) and renal disease (30% vs. 23%, P = 0.007), while differences in the prevalence of chronic obstructive pulmonary disease was not significant (21% vs. 17%, P < 0.001). All these findings were similar when comparing baseline characteristics according to number of HF hospitalizations/CV death during follow-up, except that chronic obstructive pulmonary disease was significantly more frequent among patients admitted more than once compared with those admitted once (20% vs. 14%, P = 0.001) (supplementary material online, Table 1 shows the proportion of patients with one or one or more hospitalizations for HF. Figures 1-3 show the effect of sacubitril/valsartan, compared with enalapril, on recurrent events. There was a reduction in the proportion of patients with one or one or more HF hospitalizations. These reductions were not offset by an increase in risk of other CV admissions or non-CV hospitalizations, despite the longer survival time in the sacubitril/valsartan group (data not shown).
Effect of sacubitril/valsartan compared with enalapril
Both the cumulative incidence method (Nelson-Aalen estimator, where death is considered as independent censoring) and the Ghosh and Lin method (where death is handled as informative censoring, i.e. incorporated as a competing risk recognizing zero hospitalizations after death) demonstrated that the number of HF hospitalizations was lower in the sacubitril/valsartan compared to the enalapril group ( Figure  1) . This effect was evident early in the trial and was consistent after the initial 6 months as more events accumulated ( Figure 2) .
Several recurrent event analyses were used to examine the effect of sacubitril/valsartan on recurrent HF hospitalizations ( Figure 3) . Compared to the estimate using a traditional time-to-first event analysis [hazard ratio (HR) 0.79, 95% confidence interval (CI) 0.71-0.89, P < 0.001], sacubitril/valsartan reduced the number of HF hospitalizations to a very similar degree regardless of the Table 2 Baseline characteristics by number of hospitalizations during follow-up 0 hospitalization (n = 7204) 1 hospitalization (n = 785) ≥2 hospitalizations (n = 410) P-value* Table  3) . The unadjusted RR from the negative binomial model for all HF hospitalizations was very similar to the other models (0.77, 95% CI 0.67-0.89, P < 0.001). When CV death was added to the negative binomial model as a composite endpoint, the reduction in HF hospitalizations and CV death with sacubitril/valsartan was essentially unchanged. The joint frailty model also gave a similar estimate of the effect of sacubitril/valsartan on recurrent HF hospitalizations when CV death was accounted for (RR 0.75, 95% CI 0.66-0.86, P < 0.001). Adjusting the above models for the differences in baseline characteristics according to number of HF hospitalizations made little difference to the estimates (Figure 3 
Discussion
The analysis of PARADIGM-HF shows that even in individuals with predominantly mild symptoms, 658 of 4212 patients (16%) in the enalapril group were admitted at least once with worsening HF in a relatively short period (median follow-up 27 months), despite excellent pharmacologic therapy. Of these 658 patients, 240 (36%) were readmitted more than once and experienced a total of 661 admissions. Although important from a personal and societal perspective, the repeat (i.e. second or subsequent) hospitalizations (n = 421) experienced by these patients are not counted in a conventional time-to-first event analysis, despite accounting for 39% of all admissions for HF in the enalapril group. Therefore, there is increasing recognition that assessment of the full burden of HF necessitates consideration of repeat events.
2 -7 Similarly, to be truly effective, the benefit of treatment must be maintained after an initial hospitalization. In other fields (e.g. cancer and infection), the effectiveness of treatment may be less on recurrent events. Theoretically, pathophysiological processes such as re-activation of the renin-angiotensin-aldosterone system or treatment tachyphylaxis could reduce the effect of sacubitril/valsartan or enalapril on second and subsequent events. The difficulty, however, is choosing the statistical method to evaluate the effect of treatment on repeat events. The analysis of recurrent hospitalizations is challenging because of the competing risk of death and different follow-up times in the different treatment groups. Hospitalization and death are clearly related in that death leads to loss of sicker individuals more likely to be hospitalized (and, conversely, hospitalization is associated with a higher subsequent . risk of death). Longer survival and follow-up time means a longer time at risk of admission and a difference in hospitalization rate could reflect an effect of treatment on death alone. This is particular true for the non-parametric method of Ghosh and Lin, which adjusts estimates of cumulative recurrent hospitalization rates over time for differences in death rate and the follow-up time observed in the study by explicitly accounting for the fact that patients who have died will subsequently have zero hospitalizations.
14 The negative binomial model, on the other hand, can be considered as a method that implicitly employs model-based estimation of missing count data for patients with incomplete follow-up by . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . CI, confidence interval; CV, cardiovascular; HF, heart failure; HR, hazard ratio. a If a patient experienced CV death prior to event no. 6, then CV death was also included for this patient's subsequent event numbers up to event no. 6. assuming that the counts for HF hospitalizations that would have been collected if a patient had not died (or had not been lost to follow-up or censored) were missing at random. It is assumed that rates follow a Poisson distribution for each subject, and that rates are constant and proportional, conditional on a subject-specific frailty. The resulting effect estimate can be interpreted as a marginal RR or ratio of expected number of endpoint events, assuming a latent process continuing after death. An advantage of the negative binomial regression is that it is easy to use, that correlation of events in the same individual is naturally accounted for through the inclusion of a random effect term, and that the resulting effect size estimates are easy to interpret. However, it has the disadvantage in that it assumes a constant event rate and cannot examine potential time-varying effects.
The WLW model uses a total-time approach considering times from randomization to the first, second and subsequent events. HRs from a Cox proportional hazards model for each ordered event (e.g. hospitalization) are combined to give an 'average effect', although, in this case, the individual HRs do provide evidence of a sustained effect of treatment beyond the first hospitalization. For the analysis of the composite primary endpoint, the weight of CV death in the combined statistic is greater than that of the i-th HF hospitalization (i = 1, ..., 6). In this example, if a patient dies from a CV reason without a prior HF hospitalization, then CV death will be counted six times before weighting in the combined statistic (i.e. the estimated treatment effect size can be considered as weighted towards CV death the WLW approach has been criticized because it assumes that a patient is at risk for a second event before having experienced a first event.
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The LWYY model is based on a gap-time approach considering the time since a previous event (or the inter-event times), and is essentially a modified Andersen and Gill model, 16 with a robust variance estimator (sandwich estimator) to account for the dependency of within-subject events. In the LWYY model, the two rate functions for having an event over any given time period in each treatment group are assumed, conditional on being at risk and not having died from CV reasons, to be proportional to each other. Loss to follow-up and death due to non-CV reasons are considered as independent censorings. This approach accounts for the fact that counting process is not defined after death and has the disadvantage of potentially diluting estimates of the treatment effect if the drug reduces both HF hospitalization and death.
The joint frailty model estimates a RR for HF hospitalization, whilst incorporating the competing risk of CV death, and a HR for CV death that allows for HF hospitalizations. This approach is appealing in that it allows a distinct treatment effect to be estimated for each of the individual outcomes while taking account of the association between the two through a common 'frailty term'. Here, 'frailty' refers to a subject-specific random term that accounts for the fact that some patients are at higher risk (larger frailty) than others (smaller frailty) of experiencing HF hospitalization and CV death. Compared with the WLW and Ghosh and Lin method, use of a joint frailty model has been found to give more unbiased estimates of treatment effect in the presence of dependent censoring (correlation between HF hospitalization and CV death). 17 However, this approach is limited in two aspects. First, the resulting RR is not a marginal estimate but is conditional on having the same frailty. Second, it assumes that the individual-specific frailties affect each outcome in the same way and that the model correctly captures this relationship.
While CV deaths were handled as competing risks (informative censoring) in the joint frailty model, deaths due to non-CV reasons were handled as non-informative censoring. Non-CV deaths were also handled as non-informative censoring in the LWYY, the WLW, and the negative binomial methods. In PARADIGM-HF, the majority of deaths were due to CV causes (81%) and the rate of non-CV causes was almost equal in the two treatment groups [enalapril, n = 142 (3.4%) vs. sacubitril/valsartan, n = 153 (3.7%)]. Thus, there was no indication that the competing risk of non-CV deaths biased the estimated treatment effects.
All analytical methods used to evaluate the effect of study drug on total events (first and subsequent) gave consistent estimates of the treatment effect, similar to the time-to-first event although, in some cases, with slightly wider 95% CIs. The joint frailty model showed a greater reduction in the rate of recurrent HF hospitalizations (i.e. larger treatment effect), presumably due to accounting for the correlation with CV death, for which a hazard reduction of 20% was observed in the sacubitril/valsartan group in PARADIGM-HF. Relative to the LWYY approach, for which a slight dilution of treatment effect was expected due to the positive effect of sacubitril/valsartan on CV death, the negative binomial model showed slightly more reduction in the rate of both HF hospitalization and the composite endpoint of CV death and recurrent HF hospitalization.
Analyses of recurrent events have an advantage over the traditional time-to-first-event approach in capturing treatment effects on the total disease burden, and it may increase statistical power. The European Medicines Agency guidance for trials on therapies for chronic HF acknowledges recurrent HF hospitalizations as a potentially acceptable primary endpoint, while highlighting the importance of adjudication of events and a clear methodological strategy. 18 The United States Food and Drug Administration has also accepted the use of recurrent events as a primary outcome, 19 -21 but none of the regulatory bodies have recommended a single or specific statistical approach.
We are not able to recommend any statistical method over another based on the present study, but find it reassuring that each method gave overall similar estimates of the treatment effect. Until a consensus on the analysis of recurrent events has been established, the method or methods used will depend on trial-specific regulatory guidance. We are aware of at least one new trial in HF which has analysis of recurrent events as its primary endpoint. 21 In summary, although each of the statistical methods described has strengths and weaknesses, in PARADIGM-HF, where the investigational treatment reduced both CV death and HF hospitalization individually, each analytical approach gave a similar estimate of the effect of sacubitril/valsartan on total (i.e. first and recurrent) events. Sacubitril/valsartan was superior to enalapril not just in reducing first events but also total events, with a similar treatment effect size on all events as seen on first events. Consequently, the absolute treatment benefit was considerably larger when total events were considered (54 vs. 29 fewer hospitalizations per 1000 patients treated over a median of 27 months).
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